INTRODUCTION
============

Arterial stiffness has been recognized as an important component of cardiovascular physiology.[@B1] Pulse wave velocity (PWV) is a measure of arterial stiffness and can be assessed non-invasively by applanation tonometry, a simple and reproducible method. PWV provides information on the time period within which a pressure or flow wave travels a known distance. The principle of measurement is based on the recording of peripheral arterial pulse pressure waveforms at two different sites.[@B2]

PWV is related to the square root of the elasticity modulus and rises in stiffer arteries according to the Moens-Korteweg equation.[@B3] Hence, the stiffer the artery, the faster the speed of the pressure wave. Furthermore, an increase in PWV is accompanied by a reduced time period within which pressure waves reflected from the periphery of the circulation return to the aorta and vice versa. At the optimal timing of such a ventricular-vascular coupling, the reflected waves return to the ascending aorta during diastole, enhance coronary blood flow, and do not affect aortic systolic pressure.[@B4] With vascular stiffening, PWV and the amplitude of the reflected waves both increase so that the reflected wave arrives earlier, in systole rather than in diastole, and thereby augments central systolic pressure. This early wave reflection increases systolic and pulse pressures and may decrease coronary perfusion.[@B5]

Arterial stiffness is at least partially controlled by vascular tone.[@B6],[@B7] Vascular tone and underlying physiological factors, such as sympathetic nerve activity and plasma catecholamine and cortisol levels, have been shown to follow diurnal variations.[@B6],[@B8],[@B9] In the present study, we investigated whether under physiological conditions PWV shows diurnal variations. Thus, in the course of a day PWV was assessed in young healthy men by applanation tonometry via the carotid-to-radial method.

MATERIALS AND METHODS
=====================

Subjects
--------

Twenty-one healthy, adult male health professionals, including medical students, aged 21 to 30 years (26.5 ± 2.3 years, mean ± standard deviation (SD)) were studied. The healthy subjects were selected on the basis that they were normotensive, non-diabetic, non-smokers, non-hypercholesterolemic, and without a history of premature vascular disease. In addition, all subjects were not on any medication, including vitamins or antioxidant supplements, at least 6 months prior to and during the study period. All subjects were also not on-call the three nights prior to the measurements. The study was carried out according to the principles of the Declaration of Helsinki, and all subjects gave informed consent. The study protocol was approved by the local ethics committee.

Assessment of carotid-to-radial PWV
-----------------------------------

Applanation tonometry was performed with the Sphygmocor instrument (Sphygmocor AtCor Medical, version 6.31). A high-fidelity micromanometer (SPC-301, Millar Instruments) was administered to flatten the right carotid artery and the left radial artery, and the pulse was continuously recorded. The timing of the waveforms was compared with that of the R wave on a simultaneously recorded ECG. The transit distance was assessed by subtracting the distance between the supra-sternal notch and the carotid applanation point from the distance between the supra-sternal notch and the radial applanation point, which then allowed PWV to be determined by the system software of the Sphygmocor instrument. Two consecutive measurements within each subject at each time point were performed, and the mean thereof was used. The repeatability of the method was assessed by calculating the standard deviations of those two consecutive measurements. This within-subject standard deviation was used as a measure for repeatability according to Bland and Altman.[@B10] The overall within-subject standard deviation was found to be 0.27m/s, respectively. The range of intrasubject standard deviations was from 0.0 to 0.42m/s.

Just prior to applanation tonometry the subject\'s blood pressure (BP) was measured in the right brachial artery by using an automated oscillometric method (boso medicus, Bosch+Sohn GMBH, Jungingen, Germany). The mean BP was calculated according to the equation: mean BP = diastolic BP+pulse pressure/3.[@B11]

Study protocol
--------------

All subjects had at least three nights of sleep before measurements were taken. Subjects were studied in a quiet temperature-controlled laboratory (24+1℃) after 20 minutes of lying supine. Measurements of each subject were obtained at three time points (8:00hr, 12:00hr, and 17:00hr). All measurements were performed prior to any meals. During the study, heavy meals, including high-fat foods, coffee, tea, and alcoholic beverages, were not permitted at least 12hr prior to and during the study. Also, subjects were instructed not to physically exercise during the course of the study. All assessments were performed by the same operator within a twenty-four hour period. Seven subjects started at 8:00hr, seven subjects at 12:00hr, and the remainder at 17:00hr hours to avoid a possible time bias.

Statistical analysis
--------------------

Statistical analysis was performed using the Statistical Package for Social Sciences (version 10, SPSS Inc., Chicago, IL, USA). Values are expressed as mean ± standard deviation or as median (range), if not stated otherwise. The changes of PWV and other hemodynamic parameters over time were tested by Wilcoxon and Friedman tests. Significance tests were 2-sided, and *p* \< 0.05 were considered significant.

RESULTS
=======

The study population (n = 21) exhibited normal baseline characteristics for young, healthy men ([Table 1](#T1){ref-type="table"}). As shown in [Table 2](#T2){ref-type="table"}, the mean PWV showed a significant diurnal variation with the highest values of 7.4 ± 0.6m/s at 8:00hr decreasing to 7.1 ± 0.6m/s at 12:00hr (*p* \< 0.05 vs 8:00 hr) and 7.0 ± 0.6m/s at 17:00hr (*p* \< 0.05 vs 8:00hr). No significant difference was observed between the mean PWV at 12:00hr and that at 17:00hr. When PWV was corrected for BP, the difference between values at 8:00hr and 12:00hr was no longer significant. The mean values of systolic BP, diastolic BP, and mean BP were significantly lower at 17:00hr compared with those at 8:00hr. No significant difference was detectable between 8:00hr and 12:00hr and between 12:00hr and 17:00hr. The mean radial pulse pressure showed no significant variation among the three time points ([Table 2](#T2){ref-type="table"}).

DISCUSSION
==========

The present study demonstrates that PWV, a measure of large muscular artery stiffness, exhibits a small but significant diurnal variation in young, healthy men. This suggests that PWV is physiologically increased in the morning and decreases later in the day. A similar diurnal variation has been reported in vascular tone when measured in normal subjects at various time points during the day. So, in the morning hours an increased α-mediated sympathetic vasoconstriction has been observed in normal subjects, which may indicate a morning surge in sympathetic nerve activity possibly also affecting PWV.[@B6] This increase could be due to either an endogeneous rhythm or possibly increased physical activity in the morning. To minimize the influence of physical activity in our study, the participants were instructed not to exercise during the entire study period. Also, the participants rested in a supine position for 20 minutes prior to the initiation of measurements. Thus, the higher PWV observed at the morning hour is more likely due to an endogeneous rhythm than to physical activity. A significant difference in PWV was not observed between the measurements at 12:00hr and 17:00hr. However, we cannot exclude that such a difference might exist and could turn out to be significant in a study using a larger sample.

Recently, we have shown a significant diurnal variation in the aortic augmentation index in young, healthy men.[@B12] Like PVW, the aortic augmentation index is a measure of arterial stiffness, but in contrast to PWV, the aortic augmentation index depends additionally on small artery stiffness and the magnitude of wave reflection from the periphery.[@B5] Furthermore, Kelly and colleagues found that the aortic augmentation index varied independently from PWV after the administration of vasoactive compounds.[@B13]

In a study by Lantelme and colleagues, PWV and heart rate have been shown to be related to each other when assessed in a gender mixed population of patients with arrhythmia. In these patients, heart rates were controlled by pacemakers applying rates from 60 to 100 bpm in 10 bpm increments. This resulted in a clear dose response in PWV, which gradually increased with heart rate. However, the pulse wave velocities obtained from consecutive measurements at 10 bpm increments were not found to be significantly different.[@B14] In our study population mean PWV varied according to mean heart rate. However, the maximum mean difference in heart rate was only 4 bpm. Thus, it is unlikely that the even smaller but significant variation of the mean heart rate in our study was responsible for the significant variation in mean PWV. However, from our data we cannot entirely exclude that such a possibility may exist.

In our study, carotid-to-radial PWV, which is a measurement in a mainly muscular segment, was assessed. Another possibility for assessing PWV is carotid-to-femoral PWV, which is a measurement in a predominantly elastic segment.[@B2] Muscular and elastic segments of the arterial tree differ in function from the muscular segment representing a predominantly conduit function and the elastic segment representing a predominantly cushioning function on the BP. Those differing functions are also reflected in their response to controlling vasoactive stimuli, e.g. arterial stiffness and PWV.[@B15] In order to detect possible small variations of PWV, we decided to use carotid-to-radial PWV because of the higher reproducibility of this method since good quality recordings are more difficult to obtain from the femoral artery than from the radial artery.[@B16] Thus, our study is limited to carotid-to-radial PWV. In many other studies, carotid-to-femoral PWV has been assessed, and it remains unclear whether diurnal variations of PWV would occur with the carotid-to-femoral PWV.

In our subjects, systolic, diastolic and mean BP showed a similar variation to that of PWV. However, the difference between BP values obtained at 8:00hr and 12:00hr failed to reach significance, perhaps due to the limited number of subjects studied. When PWV was corrected for BP, the difference between 8:00hr and 12:00hr was no longer significant. Thus, the observed diurnal variation of PWV might be caused at least partly by variations of BP since BP has been reported to be an important factor influencing PWV.[@B1] However, the absence of a correlation between BP and PWV suggests that a clear linear relationship may not exist. This view is supported by the study of Oren et al., who observed that BP does not necessarily predict aortic stiffness in healthy, young adults.[@B17]

A literature review revealed that PWV values differ markedly among the various studies.[@B13],[@B18],[@B19] This can be attributed to differences of the study populations, i.e. health states, gender, age, and smoking behavior or to day-to-day and seasonal variations or technical related variations.[@B2],[@B20]-[@B25] Because time points of the measurements were usually not reported in the studies, the differences could to some degree also be ascribed to diurnal variations of PWV, which we have observed.

In a previous study, ter Avest et al. assessed PWV in 19 healthy volunteers at 9:00hr and 14:00hr and found no significant difference between the two time points.[@B26] Our differing results can be explained by the differences in the selection of the study groups. They selected a gender mixed study group of 19 individuals with ages ranging from 25 to 63 years, whereas we selected young healthy males only. Also, ter Avest and colleagues used carotid-to-femoral PWV assessment, whereas we used carotid-to-radial PWV, because this method has been shown to exhibit a higher degree of reproducibility.[@B16] In addition, changes in the stiffness of elastic arteries are passive secondary events, whereas changes in the stiffness of muscular arteries are actively performed. We believe that all of those differences including the different time points of assessments may well explain our contrasting findings.

Myocardial infarction, sudden cardiac death, transient myocardial ischemia, acute aortic dissection, and stroke have been shown to occur more frequently in the morning than at other times of the day.[@B27]-[@B31] Arterial stiffness has been recognized as an important risk factor of cardiovascular events.[@B32] Further investigations are required to find out whether our observed increased PWV in young healthy men at morning hours may also occur in patients with atherosclerotic diseases and, should this be the case, whether our observation would be of clinical relevance.

In conclusion, our study shows that arterial stiffness assessed as carotid-to-radial PWV exhibits a small but significant diurnal variation. This observation could be of value when applanation tonometry is applied to human research. Thus, in order to arrive at comparable measurements especially in longitudinal studies, the measurements should be performed at similar time points in the course of a day. Additionally, our observation should be helpful to studies in which pharmacological compounds with activity on the vasculature are investigated in healthy subjects.
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Pulse Wave Velocity BP, Pulse Wave Velocity corrected for Blood Pressure.

Wilcoxon test: ^\*^*p* \< 0.05 vs 8:00.

^†^Friedman test.
